Silver and copper nanoparticles were deposited as thin films onto substrates consisting of Nylon 6 nanofibers manufactured using forcespinning V R equipment. Different rotational speeds were used to obtain continuous nanofibers of various diameters arranged as nonwoven mats. The Nylon 6 nanofibers were collected as successive layers on frames, and a high-vacuum thermal evaporation method was used to deposit the silver and copper thin films on the nanofibers. The structures were investigated using scanning electron microscopy-scanning transmission electron microscopy, atomic force microscopy, x-ray diffraction, and electrical resistance measurements. The results indicate that evaporated silver and copper nanoparticles were successfully deposited on Nylon 6 nanofibers as thin films that adhered well to the polymer substrate while the native morphology of the nanofibers were preserved, and electrically conductive nanostructures were achieved.
I. INTRODUCTION
Scientists have recently intensified their development of polymer nanofibers due to the materials' attractive potential applications and recent methods such as electrospinning and forcespinning V R (FS) that have enabled an upscale in their production. 1, 2 The potential applications of polymer nanofibers can be further expanded by embedding metallic or ceramic nanoparticles in the polymer nanofibers during their manufacture [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] or by surface functionalization of the structures. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] There is recent interest in the mechanical, electrical, and optical properties that can result from using the polymer nanofibers coated with metallic or ceramic nanoparticles. The potential applications of these structures include: catalysis, fuel cells, energy storage, flexible microelectronics, high-performance electrochemical sensors, filtration devices, antistatic, electromagnetic interference shielding clothing, biomedical materials, and wound dressings. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The forcespinning method 2 uses centrifugal forces to produce nanofibers and has been reported as an attractive method to mass-produce them in the absence of an electric field. The method presents significant advantages, including simplicity, high productivity, cost-effectiveness and versatility in manufacturing nanofibers. The final dimensions and morphology of the nanofibers depend on the spinning velocity, the diameter and configuration of the needle orifice used for production, the selected composition and viscosity of the solution, and the method used for collecting the nanofibers. Different polymeric, metallic, and ceramic oxide nanofibers have been successfully produced by using this method. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Nylon 6 is a common polymeric material used in many industries, and it was selected for this work due to ease of manufacture, good mechanical properties, and chemical and thermal stabilities. Silver and copper were the materials used for evaporation and deposition on the Nylon 6 nanofibers considering their attractive electrical properties and thermal conductivities. There are several options for functionalizing polymer nanofibers by metallic nanoparticle deposition on their surface, such as chemical methods, electrodeposition, thermal evaporation and magnetron sputtering. Highvacuum thermal evaporation is an environmentally friendly technique, that ensures high productivity, but it typically requires high temperatures to get the metal to a vapor form. The challenge is to carefully select the working parameters such that the deposition of the metal vapors on the polymer surface is performed at temperatures that preserve the nanofibers. Silver-and copper-coated nanofibers were manufactured and analyzed to evaluate the structures and changes in morphology, electrical conductivities, and the stability over time when placed in an electric field. The electrical conductance/resistance is the fundamental property investigated for the electrical transport phenomena in nanostructured materials. This paper is reporting for the first time the growth of silver and copper thin films on the surface of polymer nanofibers by using high-vacuum thermal evaporation, and specifically, describing the changes in composition, morphology, and electrical properties of metallic-coated structures.
II. EXPERIMENT
Nylon 6 was purchased from Sigma-Aldrich and it was dissolved in formic acid (25% Nylon 6 and 75% formic acid) by stirring until a transparent homogeneous solution was obtained. The polymer solution (2 ml volume) was then injected using a syringe into the spinneret equipped with a a) Electronic mail: dorinamm@yahoo.com regular bevel needle and was set to work at a rotational speed of 8000 rpm (rotations per minute) for a total spinning time of 30 s. During the forcespinning process, the Nylon 6 nanofibers were continuously ejected toward the surrounding dish fiber collector to form a nonwoven mat. Polymer square frames with exterior dimensions of 40 Â 40 Â 2 mm, and 5 mm interior thickness were used to collect the fibers from the dish collector. The frames containing the nanofibers in an isotropic configuration were then placed in the thermal evaporator equipment for metallic depositions. The evaporation sources consisted of high-purity (99.99%) silver and copper pellets placed in tungsten coils located 25 cm away from the polymer substrates. The temperature was continuously monitored during the silver and copper depositions using a thermocouple placed near the nanofibers' surfaces and the deposition parameters were selected to maintain the temperature below 60 C. A 1.3 Â 10 À4 Pa (1.0 Â 10 À6 Torr) pressure was achieved in the thermal evaporator chamber prior to deposition using a cryogenic pump and pressure variation was monitored using an ion gauge. The deposition thickness was monitored in situ using a crystal quartz device and silver and copper thin films of 100 or 200 nm thickness were deposited on the nanofiber surfaces. After coating one side, the frames were rotated and coated using the same procedure on the opposite side to ensure uniform coverage of the fibers.
The scanning electron microscopy-scanning transmission electron microscopy (SEM-STEM) Sigma VP (Carl Zeiss AG, Oberkochen, Germany) was used to investigate the morphology of the native, and silver-and copper-coated structures. The phase and crystallinity data for the native and coated structures were obtained at room temperature with a Bruker AXS X-Ray Diffractometer (40 kV, 50 mA) in a h-2h scanning mode, using a K a copper radiation source (k ¼ 1.5406 A), with 2h in the range of 10 -90 . Diffraction patterns were processed through a data evaluation program. An atomic force microscope (AFM) (Digital Instruments Veeco Nanoscope 3D) was used to image the topography of the nanofibers; scanning was carried out in noncontact mode using an antimony-doped silicon cantilever with a nominal spring constant of 0.3 N/m in ambient conditions. Native and silver-and copper-coated mats of Nylon 6 nanofibers with similar dimensions (18 Â 18 mm) were then cut out from the frames and placed on flat glass insulator substrates. High-conductivity colloidal silver paste (Ted Pella, Inc.) was used in order to create conductive ohmic contact points at two extremities of the metallic-coated mats. Resistance was measured at room temperature using a two-probe resistance meter (BK Precision 5491B 50 000 count multimeter). The DC current-voltage characteristics were obtained using an E5263A 2 channel high-speed source monitor unit (output capability of þ/À100 V and þ/À200 mA).
III. RESULTS AND DISCUSSION
During the FS process, the centrifugal forces cause a jet of solution to emerge out from the needle and whip around, resulting in the formation of a continuous, thin and long nanofiber. The solvent is evaporated during the rotational process and resulting nanofibers are ultimately dry when they reach the fiber collector surrounding the spinneret assembly. Figure 1(a) shows the FS manufacture process of fabricating Nylon 6 nanofibers using a spinneret with a metallic needle connected to a syringe containing the polymer solution (the prototype system), and (b) shows the pristine Nylon 6 nanofiber nonwoven mat collected on square frames. The average Nylon 6 nanofiber diameter size obtained by using the FS method varies with the spinneret's rotational speed from 100 nanometers to micrometer size; smaller average sizes are generally obtained for higher rotational speeds with the benefit of less beading formation. Figure 2 shows the SEM micrograph of the nonconductive fibrous structure, obtained by using a rotational speed of 8000 rpm. The as-collected nonwoven continuous nanofibers formed a relatively uniform network. The image was obtained with the SEM operating in low-vacuum conditions (24 Pa).
After the FS process, nanofibers were collected as five thin successive layers on square frames using the same direction for collection, and then placed in the thermal evaporator equipment for further deposition of silver or copper thin films. Figure 3 shows the initial stage of nucleation and formation of isolated silver atomic clusters on the native Nylon 6 nanofiber substrate soon after exposing the nanofibers to the silver incident vapor flux. During this initial stage, the silver atoms arriving on the nanofiber surfaces were condensed and deposited in a similar fashion to the island growth mode, 30 in which silver atoms are more strongly bound to each other than to the substrate. With more evaporation time and additional silver deposition, the islands grew in size and eventually coalesced, forming silver nanograins with multiple facets and orientations, leaving voids between the nanograins. Figure 4 shows an STEM image (8 Â 10 À4 Pa operating pressure) of silver crystalline nanograins on the polymer nanofibers where the initial voids between isolated structures are starting to fill out. With even more evaporated material, continuous metallic thin films formed on the surface of the Nylon 6 nanofibers. The coating eventually thickened and resulted in polycrystalline thin films composed of multiple nanograins with rougher surface appearances compared to the uncoated nanofibers. With increased coating thicknesses (100 or 200 nm), the nanofibers were completely surrounded by a continuous metallic structure and no delamination of the coating was observed. Figure 5 shows an SEM image of 200-nm thick silver thin films coated on Nylon 6 nanofibers, after the evaporation process was finalized.
A similar coating process was used for copper evaporation on the forcespun nanofibers. The SEM image in Fig. 6 of Nylon 6 nanofibers coated with copper shows smaller grains and smoother surface appearance when compared to silver thin films of the same thickness. The images of the conductive metallic-coated structures were obtained by operating the SEM in high-vacuum conditions (7 Â 10 À4 Pa operating pressure). It was observed that for a few of the nanofibers, there were limited regions of reduced or no metallic coatings due to the masking effect from nanofibers located in front of the incoming evaporated flux of atoms. This situation was also observed for the case of silver-coated nanofibers. By comparing the SEM images of uncoated and coated nanofibers, it was observed that the coated surfaces appear to be rougher with well-bonded metallic nanograins of relatively uniform size. The x-ray diffraction (XRD) data were collected for native Nylon 6 nanofibers (uncoated) and for structures composed of metallic thin films evaporated on the nanofibers. The XRD analysis indicated that coated structures are of pure crystalline silver or copper and no oxides formed during the vacuum thermal evaporation process or after exposure to air. Figure 7 shows the nature and phases of native Nylon 6 nanofibers, and 100-and 200-nm thick silver-coated Nylon 6 nanofibers (the base-lines for 100 and 200-nm thick silver coatings were shifted). The graph of native Nylon 6 nanofibers shows the location of pristine Nylon 6 material. 10 The XRD graph for the 100-nm silver coating on Nylon 6 nanofibers at low angles shows the trend of the Nylon 6 substrate material. Silver reflection peaks were present for 2h values of 38. 13 31, 32 both for silver and copper for the respective reflection planes. The AFM image of silver-coated Nylon 6 represented in Fig. 8 shows randomly oriented nanofibers with a web appearance located within the 10.0 Â 10.0 lm 2 scanning area. The figure confirms the rough appearance of the surface due to silver grains continuously distributed on the nanofibers surface. The nanofibers are of greater diameter than the uncoated nanofibers.
The electrical properties of native Nylon 6 nanofibers are altered by copper and silver thin film deposition, resulting in surface functionalization of the structures. The sheet resistances of mats consisting of pristine Nylon 6, and silver-or copper-coated Nylon 6 nanofibers were measured after mats were cut out from the frames and placed on insulator glass plates. The electrical properties were investigated for mats of similar surface dimensions (18 Â 18 mm) and similar thicknesses. One square mat can be considered to be a simple resistor by analogy with an electric circuit. The ohmic contacts were created using high-conductivity colloidal silver paste applied at two opposite edges of the square surface, allowing measurement of resistance across the square area. Two conductors with known resistance values were used to make the connection from the ohmic contacts to the twoprobe resistance meter (BK Precision 5491B 50000-count multimeter). The resistance of the connecting conductors was not included in the final sheet resistance evaluation. It was observed that the sheet resistance of all uncoated forcespun Nylon 6 structures was out of the measurement range with values higher than 10 6 X/sq showing that pristine Nylon 6 nanofibers are insulators. After depositing 100 nm thickness of silver by thermal evaporation, the sheet resistance of the samples decreased to values of 3-5 X/sq indicating the formation of a web of conductive nanowires. It was observed that when the thickness of the silver coating increased to 200 nm, the sheet resistance of all samples decreased further to values between 0.5 and 1.5 X/sq due to better metallic coverage of nanofiber surfaces and less voids between the nanograins. A similar trend was observed for copper-coated structures, where the sheet resistance of the samples was from 3 to 8.5 X/sq in the case of 100-nm thick copper coatings, and decreased to values of 1-2 X/sq for 200-nm copper coating thickness. Higher sheet resistance values were observed for copper-coated than for silver-coated structures due to the generally higher resistance of copper versus silver bulk material. The higher resistance could also be caused by a higher fragility of the copper-deposited nanofibers with more fracture points compared to more continuous and ductile silver-deposited nanofibers. Figure 9 constant resistance measurement was recorded throughout the period indicating good electrical stability of the structures over time. The DC current-voltage characteristics of the metallic-coated nanofibers were analyzed using the same structures as in the case of the two-probe resistance measurement under increased applied voltage in the microvolt (0-10 mV) and volt range (0-2 V). Figure 10 represents typical I-V characteristics of a resistor in the case of 100-nm silver coated Nylon 6 nanofibers in the low (a) and high (b) voltage ranges. All other silver-and copper-coated structures exhibited similar resistor behaviors, showing a proportional current-voltage response. The DC evaluations were performed multiple times at different time intervals and results were consistent over time. The electrical measurement results indicate that Nylon 6 nanofibers were successfully functionalized by silver and copper coating achieved by thermal evaporation with controlled temperatures, without disrupting nanofibers' native morphologies.
IV. SUMMARY AND CONCLUSIONS
In this study, we investigated functionalization of forcespun Nylon 6 nanofibers using silver and copper high vacuum thermal-evaporated thin films deposited under conditions of controlled temperature and thickness. SEM, STEM, and AFM investigations showed that the thermal evaporation method was successfully used to deposit continuous and uniformly distributed metallic thin films that adhered well to the polymer substrates and morphologies of the native Nylon 6 nanofibers were preserved, with no delamination of the coatings. The surface roughness of the structures increased with increased thickness of the metallic evaporated thin films. The XRD analysis indicated that the coated structures were of pure crystalline silver or copper with no oxide formation during the deposition or after exposure to air. The silver and copper thin films applied on the nanofiber surfaces created a conductive web of nanowires of controllable size; the overall conductivity of the materials was significantly improved with increasing coating thickness and the electrical stability of the structures was maintained over time for all measurements. The surface functionalization achieved here can expand the application potential of polymer nanofibers due to the changes in the electrical properties of the structures. The silver-and coppercoated Nylon 6 nanofiber structures may potentially be applicable for many industrial uses, including sensors, energy storage, flexible microelectronics devices, filtration devices, textile materials with antibacterial properties, antistatic, electromagnetic interference shielding clothing, biomedical materials, wound dressing, and tissue engineering. 
